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Abstract. Due to the environmental impacts of conventional soil stabilization materials, such as cement, 
ongoing efforts have been carried out by different researchers to find alternative economical materials for 
substitution. Biopolymers are environmentally friendly materials that are widely used in different 
geoenvironmental applications such as removal of heavy metals from contaminated soils, reduction of soil 
hydraulic conductivity, erosion control, and soil improvement. In this research the feasibility of using 
chitosan biopolymer for sandy soil stabilization has been studied. The effects of biopolymer content, curing 
time, and curing conditions have investigated using unconfined compression tests. The results indicated that 
incorporation of chitosan has the potential to increase the interparticle cohesion between the particles and 
considerable improvement of sandy soil mechanical properties. After initial strengthening of the soil, some 
strength reduction over time was observed due to the degradation characteristics of the chitosan. With 
regards to the curing condition, better performances at dry condition compare to the wet and saturated 
environment were achieved. In addition to soil mechanical properties, the pore plugging effect of chitosan 
biopolymer on highly permeable sandy soil has been studied in this study. 
1 Introduction 
Increases in greenhouse gases such as carbon dioxide 
(CO2) have harmful effects on the environment including 
global warming. Global warming can cause earthquakes, 
tsunamis, and volcanoes [1]. One of the reasons for the 
increase in CO2 in space is cement production. Cement 
production produces about 6 percent of all carbon 
dioxide released into space [2]. Cement is one of the 
most common and widely used materials in construction 
and engineering works. Cement is also widely used to 
improve soil mechanical properties and soil stabilization 
in geotechnical engineering. Therefore, to improve the 
mechanical properties of soils, novel materials are 
needed that will be less harmful to the environment. A 
new and environmentally friendly way to improve the 
mechanical and hydraulic properties of soil is the use of 
biopolymers. Biopolymers are produced from renewable 
natural sources such as gum trees, shrimp shell, milk, 
fermentation of glucose, algae, fungus or bacteria that 
consist of polysaccharides and reduce CO2 emissions 
continuously [3-5]. There have been numerous studies 
on the use of biopolymers in food production, 
agriculture, cosmetics, medicine, pharmaceuticals and 
engineering [6, 7]. Recently, researchers have been 
investigating the use of biopolymers in the field of 
geotechnical engineering [3, 8]. Shear strength 
parameters (cohesion and friction angle) of biopolymer 
stabilized soil have been studied in recent researches [9]. 
In general, four factors influence the increase of soil 
strength by biopolymers which are: type of soil, 
hydration level (e.g., moisture content), xanthan gum 
content, and mixing method [8, 10, 11]. While, thermal 
treatment and air-drying process are main factors in soil 
strength enhancement by thermo-gelation biopolymers 
like gellan gum and guar gum [12, 13]. Furthermore, the 
role of environmental condition on longterm 
performance of biopolymer stabilized soil is significant. 
Cyclic wetting and drying of gellan gum-treated sands 
show that wetting reduces the strength of the improved 
soil significantly and after 10 times wetting and drying, 
the improved dried sample regains 70% initial strength 
[14]. 
Chitosan is a biopolymer usually obtained from the 
deacetylation of chitin [15]. Chitosan is synthesized from 
various sources such as shrimp, crab, krill, Crawfish and 
lobster. It is estimated that shell waste from shrimp and 
crab harvest is estimated at about 1.44 million tons 
annually [16]. There are various methods for chitosan 
synthesis. The properties of chitosan and its applications 
depend directly on the degree of acetylation and 
molecular weight of chitosan [15].  In environmental 
applications, chitosan is used for removal of water 
contamination such as heavy metals, hydro carbon and 
herbicides [17-19]. 
In geotechnical contexts, chitosan has been used as 
an effective material to prevent soil and water erosion 
[20, 21]. Water drop test showed that low concentration 
chitosan solutions can be used as a coating or mixed with 
materials to protect against water drop erosion [22]. 
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Most gel-type biopolymers show minimal interaction 
with cohesionless sand, due to the neutral surface of the 
sand particles. On the other hand, although the influence 
of chitosan incorporation on mechanical and 
microstructure behavior of fine grained soil has been 
evaluated [3], chitosan biopolymer interaction with 
neutral sand particles has not been investigated 
comprehensively. Therefore, in this study, chitosan 
biopolymer was used to improve the mechanical 
properties and hydraulic conductivity of sandy soil. The 
differences between the mechanism of this bio-material 
in clayey and sandy soil mechanical improvement are 
discussed clearly. 
2 Materials and methods 
2.1 Soil characteristics 
The sandy soil in this study was selected from 
Firoozkuh-Iran. In order to identify the physical 
properties of this soil, grain size distribution, maximum 
and minimum soil porosity (emax and emin), and specific 
gravity of soil (Gs) tests were performed, the results of 
which are presented in Table 1. 
Table 1. Soil characteristics of Firoozkuh sand. 
Gs emax emin D50(mm) Cu Cc 
2.658 0.943 0.603 0.3 2.58 0.97 
2.2 Chitosan hydrogel characteristics 
The chitosan biopolymer used in this study was 
purchased from Sigma-Aldrich (Merck) company. The 
material is of high molecular weight with the molecular 
formula C6H11NO4. The viscosity of chitosan is 
directly related to its molecular weight. Increasing the 
molecular weight and concentration of chitosan, could 
effectively improves its properties [23]. Acetic acid was 
used to make chitosan hydrogel because chitosan is 
insoluble in water. 
To prepare the chitosan solution, chitosan in different 
percentages of 0.08, 0.16, 0.24 and 0.32 relative to the 
dry weight of the soil was dissolved in water and acetic 
acid. To find out the amount of acetic acid required, after 
mixing water and chitosan powder, we added the 0.01 ml 
of acetic acid by micropipette and it was mixed by stirrer 
for 5 minutes at each step, Figure 1. But due to the very 
low weight of chitosan, we considered water and 
chitosan powder 10 times larger for each sample. 
2.3 Specimen preparation and mechanical 
characterization 
The amount of soil used for each uniaxial sample was 
calculated based on relative density, which was assumed 
to be 35% (Dr =35%). In this state the sand is very loose, 
and the effect of biopolymer in this state is less than that 
of compact [24]. 
 
 
Fig. 1. Preparation of the different concentrations of the 
chitosan admixtures. 
The samples were made at 10% moisture content and 
water content was calculated as a percentage of soil dry 
weight. After preparation of the solution the soil was 
manually mixed with chitosan solution for 5 min. 
Samples were cured at three different conditions: dry 
condition (DC), wet condition (WC) and saturated in 
water condition (SWC) and tested after 7, 14 and 28 
days treatment. At DC condition, specimens were cured 
at 60 °C until the testing date; At SWC condition, 
samples were cured in DC condition followed by 48 
hours in water. At WC condition, the samples were 
stored in a humid chamber (~80 ± 2%) at ambient 
temperature (~25 ±2 °C). After the course of curing time 
UCS testing was done. 
Unconfined uniaxial compressive testing was 
performed with digital equipment (SH-300) on 
cylindrical specimens of D 38 mm × H 80 mm. The axial 
strain rate was set to 0.5 mm/min. All samples were 
statically compacted in three layers. Each experiment 
was repeated three times to ensure the results of the 
experiments. 
For permeability testing, the mold dimensions were 
D 70 mm × H 140 mm. Samples were treated at OC 
condition and the test was performed on the samples 
after 5 days cuing. Hydraulic conductivity coefficient 
was measured by falling head permeability test. 
3 Results and analysis 
3.1 Unconfined compressive strength (UCS) of 
chitosan-treated sand specimens 
The results of all the curing states at different 
concentrations consist of 0.08%, 0.16%, 0.24% and 
0.32% of chitosan at three different days 7, 14 and 28 are 
shown in Figure 2. In the Figure 2a, changes in 
compressive strength of the specimens are observed with 
changes in the concentration of chitosan at different 
times. As can be seen, the compressive strength 
increases with increasing chitosan concentration but 
decreases with increasing time. To understand the effect 
of the curing conditions, we placed the samples in a 
humid chamber at ambient temperature, the results of 
which are shown in Figure 2b. The increase in soil 





strength in this state is not noticeable. And after reaching 
a certain strength, the incremental process stops and this 
strength stays constant over time. 
The Figure 2c shows mechanical strength of 
specimens cured at SWC condition. This state was 
carried out to compare the effect of water between 
during treatment and after dry curing. In this state, the 
strength changes are similar to the DC state. In all states 
the strength reaches a constant value over time and 
becomes constant. 
 
Fig. 2. Results of compressive strength tests at a) DC state. b) 
WC state. c) SWC state. 
3.2 Moisture content of soil specimens 
To calculate the moisture content of the specimens, 
samples were placed at 100 ° C for 48 hours. The results 
are shown in Figure 3. Moisture content is a very 
important factor in soil strength development in using 
biopolymer [3, 25]. Therefore, to investigate this factor, 
the moisture content at different curing conditions was 
measured. 
 
Fig. 3. Moisture content of DC, WC and SWC cured soil 
specimens. 
3.3 Contact angle test 
Samples were prepared for this test in two methods. In 
the first method, soil and chitosan were mixed with 
similar percentages of compressive tests. In the second 
method, the samples were coated with chitosan hydrogel. 
Sessile drop method was used to measure chitosan's 
ability to water impermeability of samples. In this test 
method contact angle is defined as the angle formed by 
the liquid and the surface of the material. The sample is 
impermeable if the angle is greater than 90 but the 
sample is permeable if the angle is less than 90. In this 
study, samples that were mixed with chitosan solution 
kept a drop of water for a short time and no drops were 
formed on their surface. This was similar in all 
percentages of chitosan. However, in the samples that 
used chitosan as a coating, water drops remained on the 
sample at an angle of 91° in 0.24% [Chitosan/soil %] 
and 124° in 0.32% [Chitosan/soil %] and this drop was 
still on the samples after a long time (3 hours), Figure 4. 
This indicates that the samples are hydrophobic and 
chitosan can be used as a material to reduce 
permeability. In chitosan mixed samples, due to the large 
space between the particles, sand grains only covered 
with chitosan hydrogel, so the water drop penetrates into 
the samples. Probably if the density of the samples and 
the amount of chitosan increased, the water would not 
penetrate into these samples. Similar results were 
reported by other researchers. 
 
 
Fig. 4. Comparison of 0.24% [w/w%] and 0.32 % [w/w] 
contact angle test results.  
3.4 Hydraulic conductivity 
The permeability test results show that chitosan 
significantly reduces permeability. As shown in Figure 
8, the hydraulic conductivity coefficient decreased from 
1.6×10
-6
 in untreated sandy soil to 7.3×10
-7
 in Chitosan 
0.24% [w/w%] and 5.7×10
-7
 in Chitosan 0.32% [w/w%], 
Figure 5. According to contact angle testing these results 
were expected. As the concentration of chitosan 
increases, the permeability decreases. 






Fig. 5. Results of hydraulic conductivity test.  
4 Discussion  
The results of the compressive strength tests are shown 
in the Figure 2. The results show that to improve soil 
strength, the sample must be dried so that chitosan can 
improve soil cohesion. Because it is observed in the case 
that the treatment was performed in a humid 
environment, so the strength of the specimens did not 
increase significantly. As shown in Figure 3, the 
moisture content of the SWC state is much greater than 
that of the WC state, but SWC state strength is greater 
than the WC state. This indicates that the presence of 
moisture at the time of curing processing is an effective 
factor in strength development, but after drying, the 
effect of moisture and water is much less. One reason for 
this is that the improved samples with chitosan are 
hydrophobic. Some researchers have reported that over 
time, the strength of clay samples come back to 
untreated state. But this trend was not observed in this 
study. This may be due to differences in the type of 
chitosan material and the different methods of chitosan 
synthesis, as well as differences in soil type. As 
mentioned, molecular weight and degree of acetylation 
are two very important factors in chitosan property [15, 
26]. 
The hypothesis of chitosan-clay micro behaviour is 
associated to cationic characteristics of chitosan which 
provides an electrical interaction between the 
biopolymer and the diffuse double layer of clay minerals 
(the charged surface and the distributed charge in the 
adjacent phase) that governs the inter-particle behaviour 
of the treated clay. While, electro-static and hydrogen 
bonding phenomena cannot be expected for sand 
particles, because sand particles carry no electrical 
charges. Thus, the basic properties of chitosan are 
preserved, including water insolubility and the strength 
of chitosan–coarse soil mixture strongly depends on the 
strength of chitosan gels. 
In cohesionless soils, porosity is a very dominant 
factor in soil strength, and it is highly effective when the 
porosity is lower. Continuous biopolymer film bridges 
formation is mostly affective to strengthening effect 
rather than bridge length, bonding direction and 
biopolymer concentration. If the samples became more 
compact, higher strength would probably be obtained, 
that's because of the high effective surface area and low 
distance between grains in compacted soils. 
5 Conclusions 
Chitosan is an effective soil stabilizer, which is effective 
in long-term sandy soils and in short-term clay soils. 
This is due to the formation of electrostatic bonds 
between the clay and chitosan particles, which does not 
occur in the sand because the sand surface has a low 
electric charge. This causes the chitosan biopolymer 
property in the sandy soil to remain constant over time. 
Soil moisture content is a very important factor in 
enhancement if soil mechanical and hydraulic properties 
by chitosan, which has a much greater effect on curing 
time. The specimens treated at DC state had the highest 
strength to the WC and SWC states. At SWC state, 
submerged specimens show good strength. 
Contact angle and permeability tests show that 
chitosan can reduce the permeability of sand so that the 
higher the concentration of chitosan, the lower the 
permeability of sand. 
If chitosan is used to counteract water penetration, 
chitosan as a coating is much more effective than mixing 
it with materials. 
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